Method of Analysis
The model results presented in this paper are analogous to those routinely used to assess the undiscovered mineral potential of different ore deposit types on land and follow the 3-part mineral assessment practice of the U.S. Geological Survey (Mosier et al., 2007 (Mosier et al., , 2009 Singer, 2010; Singer and Menzie, 2010) . The first step involves an examination of geological maps to determine the area that may be permissive for the discovery of new deposits. The second step is an estimate of the number of undiscovered deposits in that area based on the measurement of deposit densities in well-explored control areas. The third step is an estimate of the probable sizes of undiscovered mineral deposits using data from well-explored examples that are assumed to be representative of the total population. The essential criterion is that all deposits are represented by the same density and size distributions developed from examples in the control areas.
Global Database of Seafloor Hydrothermal Systems
Deposit occurrence data used in this paper are from a global inventory of seafloor hydrothermal systems originally compiled for the International Seabed Authority in 2002 , and updated in 2004 (Hannington et al., 2002 Hannington and Monecke, 2009 ). An on-line database derived in large part from these compilations is now maintained by InterRidge Monecke (Hannington et al., 2002; Hannington and Monecke, 2009 ). An additional 92 vent fields were added from the literature and cruise reports through the end of 2009 by S.
Beaulieu. An interactive map of these data is available for download and display in Google
Earth
© from InterRidge (vents_interridge_2009_all.kml).
A subset of data from 165 sites known to host discrete massive sulfide deposits was analyzed in this study ( Figure DR1 and Table DR1 ). In the analysis, a sulfide occurrence is defined as any discrete body of polymetallic massive sulfide (e.g., chimney complex or mound), commonly but not necessarily associated with active hydrothermal venting, or a cluster of such bodies within a defined area that is spatially separated from the next nearest cluster. When an occurrence consists of more than one sulfide body (e.g., a collection of chimneys or mounds), some degree of continuity is implied in order to avoid counting individual vents or chimneys as "deposits".
Selection of Control Areas and Measurement of Deposit Densities
Deposit densities in different parts of the oceans were determined from well-explored areas with known occurrences, chosen to represent similarly permissive areas that have not yet been explored. 32 control areas were chosen in this study, containing 129 sulfide occurrences ( Figure DR2) ; 106 individual deposits or clusters of deposits more than 10 km apart were used in the measurement of deposit densities. The number of control areas chosen is similar to the number of control areas used in land-based mineral assessments (Mosier et al., 2007) . Each area was of roughly equal size (5° of latitude x 5° of longitude), measuring approximately 500 km on 3 each side (~300,000 km 2 ) and containing at least 2 deposits. The map scale (1:2,500,000) was chosen so that the quality of map data was the same in all cases. This corresponds to the smallest map scale recommended for such assessments on land (Mosier et al., 2007) .
On each map, a 0.1 degree grid was overlain on the areas considered to be permissive for seafloor massive sulfide occurrences, +/-50 km from the axis of the neovolcanic zone. Defined in this way, the total area of permissive geology in each control area was close to 50,000 km 2 .
The placement of the grid was based on a number of different geological criteria (e.g., coverage
of the ridge axis, off-axis seamounts, overlapping spreading centers, etc.). In some cases the permissive area is large, due to the presence of more than one major geologic feature of interest In the 32 controls areas selected for analysis, sufficient exploration has been carried out to be reasonably assured that a high proportion of the largest deposits have been discovered.
However, an important assumption in the application of data from the control areas is that all of the deposits are known and that the current inventory will not change significantly with further exploration in those areas. Clearly, the numbers of deposits will be underestimated if the control areas have not been adequately explored. In this first order assessment, no attempt was made to rank the control areas in terms of the quality and quantity of mapping; all were assumed to have been equally explored. A number of locations with known seafloor massive sulfide occurrences
were not included as control areas owing to a lack of exploration. These include, in particular, the areas of the Arctic Ridges where only a few deposits have so far been located (e.g., Kolbeinsey Ridge, Mohns Ridge, Gakkel Ridge).
The average area of permissive geology in all 32 control areas was 54,000 km 2 , although this ranged from 110,000 km 2 to as little as 25,000 km 2 . Deposit densities for each control area were determined from the size of the permissive area and the number of deposits in the area (90% of the controls have densities of 2 or more deposits per 100,000 km 2 , 50% have densities of 6 or more deposits, and 10% have densities of 10 or more deposits per 100,000 km 2 ). Deposit densities in the neovolcanic zone were also determined simply by dividing the number of known deposits by the ridge or arc length in the control area and by measuring the distances between adjacent deposits. The latter approach, used in this paper, is considered more reliable as it allows that additional discoveries may be made within the control areas beyond the known deposits.
Because of the scale of the maps used, the deposits were grouped so that the spacing between sulfide occurrences was always larger than the maximum dimension of the largest vent field. For example, on the Juan de Fuca Ridge, eight vent complexes that occur over a strike length of 10 km in the Endeavour Vent Field were grouped as one deposit; the next nearest deposit (Middle Valley) is 60 km away. We did not distinguish between deposits that consists of a cluster of vent complexes, such as the Endeavour Field, and a cluster of larger mounds in the same-sized area (e.g., the TAG, MIR, and Alvin zones in the TAG Hydrothermal Field on the Mid-Atlantic Ridge). Both are considered single deposits. Distances greater than 333 km (corresponding to the maximum L value of Baker, 2007) were considered to be out of range.
To estimate the total numbers of deposits in the neovolcanic zones, the simplest definition of the permissive "area" was used, corresponding to the cumulative strike length of the oceanic plate boundaries (89,000 km), together with the average spacing between deposits on the ridges, arcs, and back-arc spreading centers (107 km). For the mid-ocean ridges, a comparison of deposit spacing versus spreading rate ( Figure DR3 ) clearly shows that the deposits are not uniformly distributed and the space between deposits increases linearly with decreasing spreading rate, as predicted by heat flux (Baker, 2007) and plume data (Baker and German, 2004; . Thus, the number of deposits on the slow-spreading ridges may be as much as a factor of 2 lower than estimated from a uniform deposit spacing, and the number of deposits on the fast-spreading ridges a factor of 2 higher. However, any effect on the cumulative tonnage of massive sulfide is likely offset by the large differences in the sizes of the deposits on fast and slow ridges (see below). The expected number of deposits estimated from the spacing between individual deposits is also slightly larger than that estimated from the total permissive area in each map, confirming that there is a degree of clustering at the scale of the maps used.
The plume data provide important constraints on the possible numbers of seafloor massive sulfide deposits; however, physical or chemical evidence of a buoyant plume above a vent field is not necessarily an indication that significant accumulation of sulfide has occurred at the seafloor. Inactive deposits also are not captured in the plume data. Thus, the database of both active and inactive deposits studied here is considered to provide a more reliable record of metal accumulation.
Deposit Sizes
Once an estimate has been made of the number of deposits, it is possible to place some constraints on the amount of undiscovered massive sulfide by assuming a mass distribution similar to that of the known deposits. Only first-order estimates of deposit sizes are possible because most are incompletely mapped. The widespread dusting of metalliferous sediment and debris from collapsed chimneys makes it difficult to assess the continuity of sulfide bodies even with the most sophisticated survey techniques. Table DR1 includes information on deposit sizes for a subset of 62 of the best documented sulfide occurrences in the database.
42 of the deposits in Table DR1 are considered to have outcrop dimensions on the seafloor of at least 100 m 2 . Using the area versus tonnage relationship for some of the best documented examples (e.g., 2.1 million tonnes in a chimney zone covering 90,000 m 2 at Solwara 1), tonnages were assigned to each deposit larger than 100 m 2 based on the measured surface area of sulfide outcrop. This assumes that all deposits have a uniform thickness, which is reasonable considering their broadly similar shapes. However, a range of possible sizes is assigned in most cases because of the large uncertainties in the areas of sulfide outcrop. The tonnages of three of the largest deposits have been confirmed by drilling (i.e., TAG, Middle 6 Valley, and Solwara 1: Hannington et al., 1998; Zierenberg et al., 1998; Lipton, 2008) ; several others have outcrop dimensions that are consistent with a total amount of massive sulfide exceeding 2 million tonnes (e.g., Sunrise, Krasnov, Semyenov, Puy des Folles, and ZenithVictory) (Iizasa et al., 1999; Beltenev et al., 2007; Cherkashov et al., 2010) . Fewer than 1 in 10 deposits are considered to be this large; the remainder of the deposits were classified into "bins" between 3,000 tonnes and 2 million tonnes.
We used the cumulative frequency of the size estimates of deposits listed in Table DR1 to construct a first-order tonnage model for seafloor massive sulfide deposits ( Figure DR4 : Hannington et al., 2010) . Individual deposits were plotted at the midpoints of the assigned tonnage ranges. About 33% of the deposits are considered to be no larger than 3,000 tonnes; they are included in the cumulative frequency but are not shown in the tonnage plot. Because the largest deposits typically have been the most carefully surveyed, they may be overrepresented in the data set, raising the possibility that the model will overestimate tonnages of massive sulfide on the seafloor. With additional exploration or drilling some deposits may be moved from one size class to another, but the general features of the size distribution are expected to remain the same. Because of the large numbers of small deposits included, the median deposit size is not expected to change significantly with new data. The discovery of one or more large deposits (>10 million tonnes) would increase the proportion of massive sulfide in the 10th percentile but not the median deposit size. The Atlantis II deposit is not included in the tonnage model used here because of its unique geological setting and style of mineralization (Hannington et al., 2005) , which suggest that it does not belong to the population being modeled, although it was included in the measurement of deposit densities. Pooling of the data from fast and slowspreading ridges and from the volcanic arcs and back-arc basins assumes that the deposits in all of these settings have the same size distribution. So far, no deposits have been found in back-arc basins or on active volcanic arcs that are significantly larger than those on mid-ocean ridges.
Therefore, a separate tonnage model for subduction-related environments is not justified at this time. A least-squares regression of deposit density as a function of spreading rate on the midocean ridges (Figure DR3) , together with the size distribution of deposits in Figure DR4 , provides the input for estimating the proportion of massive sulfide on mid-ocean ridges at different spreading rates ( Figure 3 in the paper). Figure DR1 . Locations of 165 sites of seafloor massive sulfide deposits listed in Table DR1 (filled circles, modified from Hannington et al., 2005 Summary data for 129 sites are listed in Table DR2 . Figure DR2 . Locations of 32 control areas used to assess deposit densities. The numbers correspond to the entries in Table DR2 . Mid-ocean ridges: The plotted data are binned tonnages for 62 of the best mapped deposits (modified after Hannington et al., 2010 ; see Table DR1 ). The size classes were estimated using the area versus tonnage relationships for a number of drilled deposits as a guide and are plotted at the midpoints of each bin. Only those deposits having surface areas larger than 100 m 2 (~3,000 tonnes, n=42), accounting for 67% of the population, are included on the plot. The deposits in the largest size class (top 10%) include Middle Valley, Zenith-Victory, Puys des Folles (~10 x 10 6 t), Semyenov (~9 x 10 6 t), Krasnov (~3 x 10 6 t), Sunrise (~3 x 10 6 t), the TAG Mound (2.7 x 10 6 t), and Solwara 1 (2.1 x 10 6 t). The deposits in the Atlantis II Deep of the Red Sea are excluded. The plot defines a general tonnage curve (power-law distribution); the intercept for the 50 th percentile indicates a median deposit size of 70,000 tonnes. No distinction is made between deposits on the mid-ocean ridges and deposits in arc and back-arc settings. So far, no deposits have been found in back-arc basins or on active volcanic arcs that are significantly larger than those on mid-ocean ridges. Therefore, a separate tonnage model for subduction-related environments is not justified at this time. Table DR1 . Summary data, including estimated deposit sizes, for a subset of seafloor massive sulfide deposits located in Figure DR1 . Numbers refer to map locations. The data were compiled from Hannington et al. (2002 Hannington et al. ( , 2004 Sea-floor Hydrothermal Vents and Related Mineral Deposits (see Table S1 ) 
